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We present a detailed analysis of a new robust quantum repeater architecture building on the
original DLCZ protocol [L.M. Duan et al., Nature (London) 414, 413 (2001)]. The new architecture
is based on two-photon Hong-Ou-Mandel-type interference which relaxes the long-distance interfer-
ometric stability requirements by about 7 orders of magnitude, from sub-wavelength for the single
photon interference required by DLCZ to the coherence length of the photons, thereby removing the
weakest point in the DLCZ schema. Our proposal provides an exciting possibility for robust and
realistic long-distance quantum communication.
PACS numbers: 03.67.Hk,03.67.Pp,42.50.-p
I. INTRODUCTION
Quantum communication ultimately aims at abso-
lutely secure transfer of classical messages by means of
quantum cryptography or faithful teleportation of un-
known quantum states [1, 2]. Photons are ideal quantum
information carriers for quantum communication. Unfor-
tunately, photon losses and the decrease in the quality of
entanglement scale exponentially with the length of the
communication channel. The quantum repeater protocol
combining entanglement swapping [3, 4] and purification
[5] enables to establish high-quality long-distance entan-
glement with resources increasing only polynomially with
transmission distance [6, 7].
Early physical implementations of a quantum repeater
were based on atoms trapped in high-finesse cavities [8],
where strong coupling between atoms and photons is re-
quired. In a seminal paper [9], Duan et al. (DLCZ)
proposed an implementation of the quantum repeater by
using atomic ensembles and linear optics. In this protocol
atomic ensembles are used as memory qubits to avoid the
challenging request for strong coupling between atoms
and photons. Besides, the DLCZ protocol has built-in
entanglement purification and thus is photon-loss toler-
ant. In the efforts of realizing the atomic ensemble based
quantum repeater protocol, significant experimental ad-
vances have been achieved recently. Non-classical corre-
lated photon pairs were generated from a MOT and a hot
vapor [10, 11]. Controllable single photons were gener-
ated from atomic ensembles with the help of event-ready
detection and feedforward circuit [12, 13, 14]. Entangle-
ment between two atomic ensembles either in the same
MOT or in two MOTs at a distance of 3 m were generated
by detecting single photons [15, 16]. Recently, segment
of the DLCZ protocol was demonstrated [17].
However, the DLCZ protocol has an inherent drawback
which is severe enough to make long-distance quantum
communication extremely difficult. Entanglement gener-
ation and entanglement swapping in the DLCZ protocol
depend on a single-photon Mach-Zehnder-type interfer-
ence. The relative phase between two remote entangled
pairs is sensitive to path length instabilities, which has
to be kept constant within a fraction of photon’s wave-
length. Moreover, entanglement generation and entan-
glement swapping are probabilistic. If connecting neigh-
boring entangled pairs does not succeed after perform-
ing entanglement swapping, one has to repeat all previ-
ous procedures to reconstruct the entangled pairs. This
means that the phase fluctuations must be stabilized un-
til the desired remote entangled pairs are successfully
generated. A particular analysis shows that (see details
below), to maintain path length phase instabilities at the
level of λ/10 (λ: wavelength; typically λ ∼ 1 µm for pho-
tons generated from atomic ensembles) requires the fine
control of timing jitter at a sub-femto second level over a
timescale of a few tens of seconds. This is almost an ex-
perimentally forbidden technique as compared with the
lowest reported jitter in fiber even for kilometer-scale dis-
tances [18].
In a recent Letter [19], we proposed a robust quantum
repeater architecture building on the DLCZ protocol .
The architecture is based on the two-photon Hong-Ou-
Mandel-type interference [20, 21, 22, 23], which is insen-
sitive to phase instability. The path length fluctuations
should be kept on the length scale within a fraction of
photon’s coherence length (say, 1/10 of the coherence
length, which is about 3 m for photons generated from
atomic ensembles [12]). Therefore the robustness is im-
proved about 7 orders of magnitude higher in comparison
with the single-photon Mach-Zehnder-type interference
in the DLCZ protocol.
In this article, we give a particular analysis on the
phase stability problem in the DLCZ protocol and discuss
the robust quantum repeater architecture in detail. The
paper is organized as follows. In Sec. II we review the
original DLCZ protocol, and show why the phase stability
problem in the DLCZ protocol is so severe that it makes a
long-distance quantum communication impossible. Sec.
III presents a detailed analysis of the robust quantum re-
peater based on the two-photon Hong-Ou-Mandel-type
interference. A comparison with other atomic ensemble
2FIG. 1: Setups for entanglement generation and Entangle-
ment swapping in the DLCZ protocol. a). Forward-scattered
Stokes photons, generated by an off resonant write laser pulse
via spontaneous Raman transition, are directed to beam split-
ter (BS) at the middle point. Entanglement is generated be-
tween atomic ensembles at sites a and b, once there is a click
on either of the detectors. The inset shows the atomic level
structure, with the ground state |g〉, metastable state |s〉, and
excited state |e〉. b). Entanglement has been generated be-
tween atomic ensembles (a, bL) and (bR, c). The atomic en-
sembles at site b are illuminated by near resonant read laser
pulses, and the retrieved anti- Stokes photons are subject to
BS at the middle point. A click on either of the detectors will
prepare the atomic ensembles at a and c into an entangled
state.
based quantum repeater protocols is also discussed. Fi-
nally, we shall summarize and draw some conclusions.
II. THE DLCZ PROTOCOL
A. Review of the DLCZ protocol
Let us first consider a pencil shaped atomic sample of
N atoms with Λ level structure (see inset in Fig. 1). The
write laser pulse induces a spontaneous Raman process,
which prepares the forward-scattered Stokes mode and
collective atomic state into a two mode squeezed state
[9]. The light-atom system can be described as
|ψ〉 = |0a0s〉+√χS†a†|0a0s〉 (1)
by neglecting higher-order terms, where |0a〉 =
⊗
i |g〉i
is the ground state of the atomic ensemble and |0s〉 de-
notes the vacuum state of the Stokes photons. Here,
a† is the creation operator of the Stokes mode, and
the collective atomic excitation operator is defined by
S† = 1√
N
∑
i |s〉i〈g|, where |s〉 is the metastable atomic
state. The small excitation probability χ ≪ 1 can be
achieved by manipulating the write laser pulse [24].
The entanglement generation setup is shown in Fig.
1a. Let us consider two atomic ensembles at site a and b
at a distance of L0 ≤ Latt, with Latt the channel atten-
uation length. The Stokes photons generated from both
sites are directed to the beam splitter (BS) at the middle
point. Once there is a click on the detectors, entangle-
ment between communication sites a and b is established.
The entanglement swapping setup is depicted in Fig.
1b. Assume we have created entangled states between
atomic ensembles (a, bL) and (bR, c), where bL and bR
are at the same site. The two atomic ensembles at site b
are illuminated simultaneously by read laser pulses. The
retrieved anti-Stokes photons are subject to the BS, and a
click on either of the single photon detectors will prepare
the atomic ensembles at sites a and c into an entangled
state. The entangled pair can be connected to arbitrary
distance via entanglement swapping.
B. Phase instability analysis I
In the DLCZ protocol, the single-photon Mach-
Zehnder interference is used in both entanglement gen-
eration and entanglement swapping process. Thus the
phase is sensitive to path length fluctuations on the or-
der of photons’ sub-wavelength. Note that to implement
quantum cryptography or Bell inequality detection, one
has to create two pairs of entangled atomic ensembles
in parallel [9]. The entanglement generated between the
two pairs of atomic ensembles is equivalent to a polariza-
tion maximally entangled state. In this case, the relative
phase between the two entangled pairs needs to be sta-
bilized, which is helpful to improve the phase instability
[17]. However, the requirement to stabilize the relative
phase in the DLCZ scheme is still extremely demanding
for current techniques.
As shown in Fig. 2, in entanglement generation pro-
cess the entanglement is established between the atomic
ensembles (au, bu) and (ad, bd) in parallel during a time
interval t0 =
Tcc
χe−L0/Latt
, where Tcc = L0/c is the classical
communication time. Note that one requests 2nχ≪ 1 to
make the overall fidelity imperfection small, where n is
the connection level [9]. The entanglement generated be-
tween the two pairs of atomic ensembles can be described
by
|ψφu〉au,bu = (S†au + eiφuS†bu)/
√
2|vac〉, (2)
|ψφd〉ad,bd = (S†ad + eiφdS†bd)/
√
2|vac〉, (3)
where φu = kxu (φd = kxd) denotes the difference of the
phase shifts in the left and the right side of channel u
(d), with xu (xd) the length difference between the left
and the right side channel u (d). Here k is the wave
vector of the photons. For simplicity we have assumed
the lasers on the two communication nodes have been
synchronized, and the phase instability is caused by the
3FIG. 2: In the DLCZ protocol, two entangled pairs are gener-
ated in parallel. The relative phase between the two entangled
states has to be stabilized during the entanglement generation
process.
path length fluctuations. The entanglement generated
in this process is equivalent to a maximally entangled
polarization state between the four atomic ensembles,
|ψδφ〉PME = (S†auS†bu + eiδφS†adS
†
bd
)/
√
2|vac〉, (4)
where the relative phase between the entangled states
of the two pairs of the remote ensembles is denoted by
δφ = kδx with δx = xu − xd.
In practice, a series of write pulses are sent into the
atomic ensembles and the induced Stokes pulses are di-
rected to the detectors. The time interval between neigh-
boring write pulses is larger than the classical communi-
cation time. When there is a click on the detectors, the
entanglement is generated and classical information is
sent back to the communication nodes to stop the sub-
sequent write pulses. In this case, the change of environ-
ment due to imperfections will always induce path length
fluctuations and thus phase instability. If the entangle-
ment between the two pairs of memory qubits is always
established at the same time, one can consider the Stokes
photons detected at the same time experience the same
environment. Thus it is easy to find δx = xu − xd = 0
and no phase stabilization is needed.
However entanglement generation process is proba-
bilistic. The experiment has to be repeated about
1/(χe−L0/Latt) times to ensure that there is a click on
the detectors. The two phases φu and φd achieved at dif-
ferent runs of the experiments are usually different due
to the path length fluctuations in this time interval. For
instance, the entanglement between the first pair may
be constructed after the first run of the experiment, and
thus we get the phase φu = kxu, while the entanglement
between the second pair may be established until the
last run of the experiment, and thus we obtain the phase
φd = kxd. Therefore to get a high fidelity entangled pair,
the relative phase δφ = kδx has to be stabilized during
the whole length of the communication. To stabilize the
phase instability within δφ ≤ 2pi/10, one must control
FIG. 3: Elementary entangled pairs are created locally. En-
tanglement swapping is performed remotely to connect atomic
ensembles between adjacent nodes a and b.
the path length instability δx ≤ 0.1 µm during the whole
entanglement generation process.
The path length instability is equivalent to the timing
jitter of the arrival time of the Stoke pulses after trans-
mitting the channel over kilometer-scale distances. To
stabilize the path length instability δx = cδt ≤ 0.1 µm,
the timing jitter δt of the Stokes pulse must be controlled
on the order of sub-femto second.
The time needed in entanglement generation process
can be estimated as follows. The distance between two
communication sites is considered to be L0 = 10 km,
and thus the classical communication time Tcc = L0/c
is about 33 µs. Usually we have 2n ≈ 100, and thus
χ ≈ 0.0001. In optical fibers, the photon loss rate is con-
sidered to be 2 dB/km for photons at a wavelength of
about 800 nm, and thus the duration t0 of the entangle-
ment generation process can be estimated to be about 30
seconds. Therefore, phase stabilization in DLCZ protocol
requires that over a timescale of about a few tens of sec-
onds, one must control the timing jitter after transferring
a pulse sequence over several kilometers on the order of
sub-femto second. This demand is extremely difficult for
current technology. The lowest reported jitter for trans-
ferring of a timing signal over kilometer-scale distances
is a few tens of femto-seconds for averaging times of ≥ 1s
[18], which is 2 orders of magnitude worse than the tim-
ing jitter needed in DLCZ protocol. In free space, the
photon loss rate is about 0.1 dB/km and t0 is about 0.5
second. In this case, the path length instability due to
atmosphere fluctuations is even worse. The timing jitter
is on the order of a few nanoseconds over a timescale of
1 second.
C. Phase instability analysis II
From the above analysis, we know that in the stan-
dard DCLZ protocol, the requirement to stabilize the
4relative phase between the two entangled pairs is severe
even in the entanglement generation stage. One may
consider if entanglement generation is performed locally,
the time needed in entanglement generation process is
short and thus the requirement can be alleviated. How-
ever, that is not the case. It is a misunderstanding that
the phase only needs to be stabilized in entanglement
generation process. In the DLCZ protocol, the single-
photon Mach-Zehnder interference is also utilized in en-
tanglement swapping process. When performing entan-
glement swapping to connect the neighboring communi-
cation nodes, the phases have to be stabilized, too. In the
following, we will give a detailed analysis to show that the
phases between neighboring nodes have to be stabilized
until the desired remote entangled pairs are constructed.
Suppose elementary entangled pairs are created locally
at each node and the entanglement between neighboring
nodes is generated via entanglement swapping, as shown
in Fig. 3. In the entanglement swapping process, one
has to send pulse sequences over a long distance and thus
the path length fluctuations have to be controlled. The
two entangled pairs obtained after entanglement swap-
ping can be described by
|ψφu
1
〉au1 ,bu1 = (S†au1 + e
iφu
1S†bu1 )/
√
2|vac〉, (5)
|ψφd
1
〉ad1 ,bd1 = (S†ad1 + e
iφd
1S†bd1 )/
√
2|vac〉. (6)
Assume we are going to create the up and down en-
tangled pairs between two remote communication sites
A and B at a distance of L = 23L0. The entanglement
connection process is shown step by step in Fig. 4. The
entangled pairs between neighboring nodes are created
as shown in Fig. 3 and then connected via further entan-
glement swapping which is also performed locally. After
4 steps, two remote entangled pairs between sites A and
B are created,
|ΨΦu〉Au,Bu = (S†Au + eiΦuS
†
Bu
)/
√
2|vac〉, (7)
|ΨΦd〉Ad,Bd = (S†Ad + eiΦdS
†
Bd
)/
√
2|vac〉, (8)
where the accumulated phases are Φu =
∑
i φ
u
i and Φd =∑
i φ
d
i . The effectively maximally entangled pair can be
described as
|ΨδΦ〉PME = (S†AuS
†
Bu
+ eiδΦS†AdS
†
Bd
)/
√
2|vac〉, (9)
where δΦ = Φu − Φd =
∑
i(φ
u
i − φdi ) is the phase dif-
ference between the up and down entangled pairs. Note
that the phases φui or φ
d
i (i = 1, 2...8) between different
nodes are independent from each other, and thus phase
stabilization requires φui = φ
d
i (i = 1, 2...8).
Because entanglement swapping in every step is proba-
bilistic, if the entanglement swapping does not succeed in
one step, one has to repeat all the previous steps to re-
construct the entangled pairs. In this case, the phase
has to be stabilized until the desired entangled pairs
|ΨΦu〉Au,Bu and |ΨΦd〉Ad,Bd are both generated. For ex-
ample, suppose after step 3 we have created two up en-
tangled pairs and two down entangled pairs in parallel.
In step 4, we will connect the up and down pairs re-
spectively via entanglement swapping to obtain the two
desired entangled pairs between remote sites A and B.
Since entanglement swapping is probabilistic, it could be
that we succeed in connecting the up pairs and acquir-
ing |ΨΦu〉Au,Bu , but fail to connect the down pairs after
performing entanglement swapping once. In this case,
we have to repeat step 1, 2 and 3 to reconstruct the two
down entangled pairs and then connect them by entan-
glement swapping to obtain |ΨΦd〉Ad,Bd . Since the phase
Φu of the up pair has been fixed, the phases of the down
pairs φdi (i = 1, 2...8) have to be stabilized to satisfy
φui = φ
d
i (i = 1, 2...8), until the down pair |ΨΦd〉Ad,Bd is
successfully generated. The total time needed in these
processes is t4 = t1/(p1p2p3). In other words, the phases
φui (i = 1, 2...8) and φ
d
i (i = 1, 2...8) have to be stabilized
over a time interval t4 = t1/(p1p2p3), until the desired
remote entangled pairs |ΨΦu〉Au,Bu and |ΨΦd〉Ad,Bd are
both generated. For long-distance quantum communi-
cation, the total time needed is on the order of several
hours [25]. Even in the ideal case, it is still on the or-
der of a few seconds. Therefore, phase stabilization in
the DLCZ protocol requires that one has to stabilize the
path length fluctuations over a long time interval after
sending a pulse sequence over kilometer-scale distances.
As we discussed above, it is extremely difficult for current
technique to meet this demanding requirement.
III. ROBUST QUANTUM REPEATER
A. Basic protocol
The phase stability problem could be overcome by in-
terfering two photons [26, 27, 28]. Based on this, we pro-
posed a robust quantum repeater architecture by taking
advantage of two-photon Hong-Ou-Mandel interference
[19]. In this section, we will give a detailed analysis on
the protocol.
To exploit the advantage of two-photon interference,
it is natural to extend the DLCZ protocol by polariza-
tion encoding a memory qubit with two atomic ensembles
[16, 29], and entangling two memory qubits at neigh-
boring sites via a two-photon Bell-state measurement
(BSM). Unfortunately, as shown below, the BSM will not
create the desired entangled state, but a complex super-
position state with spurious contributions from second-
order excitations, which preclude further entanglement
manipulation.
Let us consider two communication sites A and B at
a distance of L0. A schematic setup of entanglement
generation is shown in Fig. 5. Each site has two atomic
ensembles encoded as one memory qubit and the two
atomic ensembles at each node are excited simultaneously
by write laser pulses. We assume the Stokes photons
generated from the two atomic ensembles at the same
site have orthogonal polarization state, e.g., |H〉 and |V 〉,
which denote horizontal and vertical linear polarization,
5FIG. 4: Entangled pairs are generated between neighboring communication nodes as shown in Fig. 3. The entangled pairs
are connected by performing further entanglement swapping to construct entanglement between remote communication sites
A and B. Entanglement connection process, as well as the accumulated phase, is shown step by step.
respectively. In this way the memory qubit is effectively
entangled in the polarization states of the emitted Stokes
photons.
The Stokes photons generated from both sites are di-
rected to the polarization beam splitter (PBS) and sub-
ject to BSM-I at the middle point to entangle the two
neighboring memory qubits. However, the two-photon
state generated in the second-order spontaneous Raman
process will also induce coincidence counts on the detec-
tors. Thus the BSM-I can only prepare the neighbor-
ing memory qubits into a complex superposition state
with spurious contributions from second-order excita-
tions. For instance, a coincidence count between D1 and
D4 projects the two memory qubits into
|ψ〉AB = [e
i(φA+φB)
2
(S†uAS
†
uB + S
†
dA
S†dB ) +
1
4
(ei2φAS†2uA
+ ei2φBS†2uB − ei2φAS†2dA − ei2φBS
†2
dB
]|vac〉, (10)
where φA and φB are the phases that the photons acquire,
respectively, from site A and B during the BSM-I. The
atomic ensembles are distinguished by subscript (u, d)
and (A,B). The first part is the maximally entangled
state needed for further operations, while the second part
is the spurious two-excitation state coming from second-
order excitations. The success probability is on the order
of O(χ2η21e
−L0/Latt), where η1 is the detection efficiency.
The time needed in this process is T0 ≈ Tccχ2η2
1
e−L0/Latt
.
It is obvious that the phases φA and φB only lead to a
multiplicative factor ei(φA+φB) before the desired entan-
gled state and thus have no effect on the desired entangle-
ment. The prize to pay is that some spurious coincidence
counts from the two-excitation terms are also registered,
which obviously prevents further entanglement manipu-
lation and must be eliminated by some means. However,
we find that it is not necessary to worry about these
terms, because they can be automatically washed out if
the BSM in the entanglement swapping step is carefully
designed. In the ideal case a maximally entangled state
can be created by implementing entanglement swapping.
The entanglement swapping setup is depicted in Fig.
6. Let us consider three communication sites A,B and C,
and assume that we have created the complex entangled
states (Eq. 10) |ψ〉ABL and |ψ〉BRC between (A,BL) and
(BR, C), respectively [30]. The memory qubits BL and
BR at site B are illuminated simultaneously by read laser
pulses. The retrieved anti-Stokes photons are subject to
BSM-II. Note that the sequence of the PBSs in BSM-II
is different from BSM-I. The BSM-II is designed like this
in order that the two-photon states converted from the
spurious two-excitation terms are directed into the same
output and thus will not induce a coincidence count on
the detectors. In the ideal case, if the retrieve efficiency
is unity and perfect photon detectors are used to distin-
6FIG. 5: Setup for entanglement generation between sites A
and B. Forward-scattered Stokes photons, generated by an
off-resonant write laser pulse via spontaneous Raman transi-
tion, are subject to BSM-I at the middle point. The Stokes
photons generated at the same site are assumed to have differ-
ent polarization i.e., |H〉 and |V 〉. PBS (PBS±) reflects pho-
tons with polarization |V 〉 (|−〉) and transmits photons with
polarization |H〉 (|+〉), where |±〉 = 1√
2
(|H〉 ± |V 〉). After
passing through the PBS± and PBS successively, the Stokes
photons are detected by single photon detectors. A coinci-
dence count between single photon detectors D1 and D4 (D1
and D3) or D2 and D3 (D2 and D4) will project the four
atomic ensembles into the complex entangled state |ψ〉AB up
to a local unitary transformation.
guish photon numbers, only the two-photon coincidence
count will be registered and project the memory qubits
into a maximally entangled state. For instance, when a
coincidence count between D1 and D4 is registered one
will obtain
|φ+〉AC = (S†uAS†uC + S†dAS
†
dC
)/
√
2|vac〉. (11)
In this way a maximally entangled state across sites A
and C is generated by performing entanglement swap-
ping. The maximally entangled state can be extended
by further entanglement swapping as usual. Both the
entanglement creation and entanglement connection in
our scheme rely on two-photon interference, so the im-
provement in insensitivity to path length fluctuations,
as compared to the DLCZ scheme, is about 7 orders of
magnitude.
In practice, the retrieve efficiency ηr is determined by
optical depth of the atomic ensembles [31], and current
single photon detectors are incapable of distinguishing
photon numbers. Taking into account these imperfec-
tions, the multi-photon coincidence counts in the BSM-
II have to be considered. Through some simple calcula-
tions, one can find that the coincidence counts will pre-
pare the memory qubits into a mixed entangled state of
the form
ρAC = p2ρ2 + p1ρ1 + p0ρ0, (12)
FIG. 6: Setup for entanglement connection between sites
A and C via entanglement swapping. Complex entangled
states have been prepared in the memory qubits between
sites (A,BL) and (BR, C). The memory qubits at site B
are illuminated by near resonant read laser pulses, and the
retrieved anti-Stokes photons are subject to BSM-II at the
middle point. The anti-Stokes photons at the same site have
different polarizations |H〉 and |V 〉. After passing through
PBS and PBS± successively, the anti-Stokes photons are de-
tected by single photon detectors. Coincidence counts be-
tween D1 and D4 (D1 and D3) or D2 and D3 (D2 and D4) are
registered. The memory qubits will be projected into an ef-
fectively maximally entangled state ρAC up to a local unitary
transformation. Note that the sequence of PBSs in BSM-II
is different from BSM-I. This helps to eliminate the spurious
contributions from second-order excitations.
where the coefficients p2, p1 and p0 are determined by the
retrieve efficiency and detection efficiency (see Appendix
1 for details). Here ρ2 = |φ+〉AC〈φ+| is a maximally
entangled state, ρ1 is a maximally mixed state, where
only one of the four atomic ensembles has one excitation,
and ρ0 is the vacuum state that all the atomic ensembles
are in the ground states.
It is easy to see that ρAC is in fact an effectively maxi-
mally entangled states, which can be projected automati-
cally to a maximally entangled state in the entanglement-
based quantum cryptography schemes. When imple-
menting quantum cryptography via the Ekert protocol
[2], we randomly choose the detection basis at the re-
mote sites and detect the photons retrieved from the
atomic ensembles. Then we compare the detection ba-
sis by classical communication. In this process, only the
coincidence counts are registered and used for quantum
cryptography. In our case only the first term ρ2 will con-
tribute to a coincidence count between the detectors at
the two sites and will be registered after classical com-
munication. The maximally mixed state term ρ1 and the
vacuum term ρ0 have no contribution to the experimen-
tal results, and thus ρAC is equivalent to the Bell state
|φ+〉AC = (S†uAS†uC + S†dAS
†
dC
)/
√
2|vac〉.
7B. Entanglement connection and scalability
The effectively entangled state can be connected to
longer communication distance via further entanglement
swapping. To implement a quantum repeater proto-
col, a nesting scheme is used in entanglement connec-
tion process [6, 7]. Taking into account higher-order
excitations, the effectively mixed entangled pair reads
ρ′ = ρ + p′2ρ
′
2 + p
′
3ρ
′
3, where the normalized density ma-
trix ρ′2 and ρ
′
3 denote the two-excitation mixed state and
three-excitation mixed state generated due to higher-
order excitations in the spontaneous Raman process,
and the small coefficients p′2 and p
′
3 are on the order of
O(χ) ≪ 1. After the j-th swapping step, the effectively
entangled pair can be described as (see Appendix 2)
ρ′sj = p2sjρ2sj + p1sjρ1sj + p0sjρ0sj + p
′
2sjρ
′
2sj + p
′
3sjρ
′
3sj .
(13)
Here ρ2sj is the maximally entangled state between two
memory qubits at a distance of L = 2jL0, and ρ1sj
and ρ0sj are also the maximally mixed state and vac-
uum state, respectively. Note that ρ′s1 = ρ
′ is just the
mixed entangled state created after the first entangle-
ment swapping step. The coefficients can be estimated
to be
p′2sj ∼ O(jχ), p′3sj ∼ O(χ), (14)
pαsj ≈ pαsj−1 +O(jχ), (α = 0, 1, 2). (15)
From Eq. (14), it is easy to see that the contributions
from higher-order excitations ρ′2sj and ρ
′
3sj can be safely
neglected, as long as the small excitation probability ful-
fills jχ ≪ 1, which can be easily achieved by tuning
the write laser pulse. One can also see that the co-
efficients p2sj , p1sj and p0sj are stable to the first or-
der, therefore the probability to find an entangled pair in
the remaining memory qubits is almost a constant and
will not decrease significantly with distance during the
entanglement connection process. The time needed for
the j-th connection step satisfies the iteration formula
Tsj =
1
psj
[Tsj−1 +2
j−1Tcc] with psj the success probabil-
ity of the j-th swapping step. The total time needed for
the entanglement connection process is
Ttot ≈ T0
∏
j
p−1sj ≈
Tcc
χ2η21
eL0/Latt(L/L0)
log
1/η
2 , (16)
where η = η2rη
2
1 is a constant. The excitation probability
can be estimated to be χ ∼ L0/L, and then the time
needed in the entanglement connection process Ttot ∝
(L/L0)
2+log
1/η
2 scales polynomially or quadratically with
the communication distance.
One can modify our protocol by performing entangle-
ment generation locally and entanglement swapping re-
motely. It will help to increase the scalability, since en-
tanglement generation is usually the rate-limiting stage
due to the low excitation probability. Local entanglement
can also be generated via the standard DLCZ protocol
FIG. 7: Elementary entangled pairs are first locally generated
via the standard DLCZ protocol. The anti-Stokes photons
are subject to BSM-I to connect neighboring communication
nodes. We also assume the anti-Stokes photons retrieved from
atomic ensembles at the same site have different polarization.
Note that BSM-I also helps to eliminate the spurious contri-
butions from higher order excitations.
and then connected by two-photon Hong-Ou-Mandel in-
terference, because local path length fluctuations can be
well controlled. The experimental setup is shown in Fig.
7. Here we need BSM-I to eliminate spurious contribu-
tions from high-order excitations. Note that the setup in
Fig. 7 is a simple variation of the scheme due to Jiang et
al. [25], where entanglement generation is performed re-
motely and entanglement swapping is performed locally.
We remark that this simple modification is crucial to
long-distance quantum communication, as entanglement
generation relies on single-photon interference and must
be performed locally.
C. Alternative approach
The locally entangled memory qubits can be gen-
erated by other means. Atomic ensembles can also
serve as a quantum memory to store a photonic state
[32, 33]. By applying a time dependent classical con-
trol laser pulse of a Rabi frequency Ωc, the whole system
has a particular zero-energy eigenstate, i.e., the dark-
state-polariton. The single-polariton state is |D, 1〉 =
Ωc(t)√
Ω2c(t)+g
2N
|1〉p|0〉a − g
√
N√
Ω2c(t)+g
2N
|0〉pS†|0〉a, with g be-
ing the coupling constant for the |g〉 − |e〉 transition.
Here |0〉p (|1〉p) is the vacuum (single-photon) state of
the quantized field to be stored. The quantum memory
works by adiabatically changing Ωc(t) such that one can
coherently map |D, 1〉 onto either purely atom-like state
|0〉pS†|0〉a where the single photon is stored, or purely
photon-like state |1〉p|0〉a, which corresponds to the re-
lease of the single photon.
To exploit the advantage of two-photon Hong-Ou-
8FIG. 8: Quantum memory for photonic polarization qubits.
Two ensembles are driven by a classical control field. Classi-
cal and quantized light fields are fed into the first PBS and
will leave at two different outputs of the second PBS. As each
atomic cell works as quantum memory for single photons with
polarization |H〉 or |V 〉 via the adiabatic transfer method, the
whole setup is then quantummemory of any single-photon po-
larization states. The inset shows the relevant level structure
of the atoms. The |e〉 − |s〉 transition is coherently driven
by the classical control field of Rabi frequency Ωc, and the
|g〉 − |e〉 transition is coupled to a quantized light field.
Mandel-type interference, we need a quantum memory
for the photonic polarization qubits. Figure 8 shows
quantum memory for storing any single-photon polar-
ization states by the dark-state-polariton method. Two
atomic ensembles being a quantum memory for polar-
ization qubits at each node are thus the required lo-
calized memory qubit in our scheme. Thus transfor-
mation between an arbitrary photon polarization state
α |H〉 + β |V 〉 and the corresponding state stored in
atomic ensembles (αS†h+βS
†
v) |0〉 can be achieved by adi-
abatically manipulating the control laser pulse. Impor-
tantly, our quantum memory works even when the two
probability amplitudes in the stored state α |H〉 + β |V 〉
are not c-numbers but quantum states of other photonic
qubits. As a result, two memory qubits U and D at
one site (see Fig. 9a) can be deterministically entan-
gled in their “polarizations” by storing two polarization-
entangled photons, e.g., 1√
2
(S†hUS
†
hD
+ S†vUS
†
vD )|vac〉 ↔
1√
2
(|H〉 |H〉+ |V 〉 |V 〉). The latter are entangled by a de-
terministic polarization-entangler using four single pho-
tons, linear optics and an event-ready detection. With
an overall success probability of 18 for perfect photon
counting, such an “event-ready” entangler can determin-
istically generate two maximally polarization-entangled
qubits (see Appendix 3).
Polarization encoding allows a two-photon interference
entanglement swapping to construct entanglement be-
tween adjacent sites. As shown in Fig. 9, one can first
create each memory pair in maximal event-ready entan-
glement at two adjacent communication nodes and then
the two photons stored in the two U memories are simul-
FIG. 9: a). Entanglement swapping between adjacent com-
munications nodes A and B. Two pairs of entangled memory
qubits are first generated by storing the event-ready entan-
glement of two photons at each node. Then the two photons
stored in the U memory at the two nodes are simultaneously
retrieved and subject to a two-photon BSM at the middle
point. This entanglement swapping process will in an event-
ready way entangle the two distantD memory qubits. b). En-
tanglement connection to extend the communication length.
Two well entangled pairs of memory qubits, one across nodes
(A,BL) and (BR, C) are prepared in parallel. The BSM on
the two photons released simultaneously from the two mem-
ories at node B results in, with a probability of 1/2 , well
entangled quantum memories across nodes A and C in a def-
inite Bell state.
taneously retrieved and subject to a two-photon BSM at
the middle point. Conditioned on the result of this BSM,
the remaining two D memory qubits are maximally en-
tangled, also in an event-ready way. Usual entanglement
swapping can be applied to the polarization encoding
memory qubits and thus allows the implementation of
a robust quantum repeater.
D. Entanglement purification
With imperfect entanglement and erroneous local op-
erations, entanglement connection, together with deco-
herence, will reduce the fidelity of entanglement. Then
at certain stage of entanglement connection, the less en-
tangled states have to be purified via the entanglement
purification protocol [34, 35] to enable further entangle-
ment connection. Fig. 10 shows how to achieve linear
optical entanglement purification between any specified
two nodes, e.g., node-I and node-J , across which one has
less entangled pairs of quantum memories.
Assume two effectively mixed entangled pairs of fidelity
F are created in parallel via entanglement connection
9FIG. 10: Setup for quantum entanglement purification. En-
tangled states have been prepared in the memory qubits be-
tween two distant nodes I and J . The memory qubits at the
two sites are illuminated by near resonant read laser pulse,
and the retrieved entangled photon pairs are directed to two
PBS respectively. The photons in mode b1 and b2 are detected
in |±〉 = 1√
2
(|H〉 ± |V 〉) basis and the remaining photons in
mode a1 and a2 are restored in the memory qubits at the two
sites respectively.
as we discussed above. The effectively entangled states
stored in the four memory qubits are converted into en-
tangled photons by the read laser pulses, and then sub-
ject to two PBSs, respectively. The photons in mode b1
and b2 are detected in |±〉 = 1√2 (|H〉±|V 〉) basis by single
photon detectors, and will project the photons in mode
a1 and a2 into an effectively maximally entangled state of
higher fidelity F ′ (see Appendix 4). The higher-fidelity
entangled pair in mode a1 and a2 can be restored into two
distant memory qubits at nodes I and J by means of the
dark-state-polariton method for further manipulation.
To generate a remote entangled pair, the nested quan-
tum purification has to be implemented [6, 7]. The total
time overhead to create entanglement across two com-
munication nodes at a distance of 1280 km can be nu-
merically estimated. In our calculation, we assume the
distance L0 = 10 km and the photon loss rate is 0.1
dB/km in free space. To improve the scalability, we as-
sume entanglement generation is performed locally and
the entanglement generation time is considered to be 100
µs. The fidelity of the adjacent entangled memory qubits
is F = 0.88, as can be estimated by connecting two ad-
jacent memories from two pairs of photon-memory en-
tanglement after 5 km free space transmission of both
photons [36]. One of the major factors affecting the ef-
ficiency of our scheme is single-photon detection. For-
tunately, high-efficiency photon counting is feasible by
using quantum state transfer and state-selective fluores-
cence detection with nearly unit efficiency [37, 38]. To
increase the efficiency, we assume photon counting detec-
tors with detection efficiency 99% are used, and the re-
trieve efficiency is considered to be 98%. Entanglement
purification is performed three times during the entan-
glement connection process to improve the fidelity. Our
numerical results give a total time of about 23 seconds
to create an effectively entangled pair, with a probability
of 0.75 to get the entangled pair of fidelity 94%.
E. Comparison between different schemes
Recently, several atomic ensemble based quantum re-
peater schemes were proposed building on the DLCZ
protocol. These schemes still have phase stability prob-
lem since single-photon interference is also used in some
stages. The scheme presented in Ref. [25] is similar
to our protocol, where they gave a detailed analysis on
the superior scalability of polarization encoding. How-
ever, single-photon interference is used in entanglement
generation process, and thus entanglement generation
should be performed locally. As we have discussed in
Sec.III, a simple modification of their original scheme al-
lows the implementation of a robust quantum repeater.
In Ref. [39], Simon et al. proposed a quantum repeater,
where they suggested to make entanglement generation
attempts many times with the help of photon pairs and
multi-mode memories. The use of multi-mode memories
promises a speedup in entanglement generation by sev-
eral orders of magnitude. However, entanglement gener-
ation and entanglement swapping in this protocol need
single-photon interference. The phase stabilization prob-
lem can be overcome by using those cases where the en-
tanglement swapping succeeds at the same time for the
upper and lower chains [40]. Besides, the fidelity of the
final entanglement is sensitive to phase instability due to
the lack of entanglement purification. It was pointed out
that in this type of protocol, an initial small phase error
will induce the final entanglement fidelity no more than
65% [25].
The ideas of polarization encoding, two-photon BSM
and active entanglement purification presented in our
protocol is crucial to long distance quantum communica-
tion. The combination of these ideas enables a realistic
fault-tolerant quantum repeater with atomic ensembles
and linear optics.
IV. CONCLUSION
In summary, we have given a particular analysis on
phase stability problem of the DLCZ protocol. This prob-
lem can be overcome by taking advantage of two-photon
Hong-Ou-Mandel-type interference, which alleviates the
phase stability requirements by about 7 orders of magni-
tude. Most of the ingredients in our protocol have been
experimentally realized in recent years [23, 29]. A long
storage time is crucial for implementing atomic ensem-
ble based quantum repeater protocol. Storage time of up
to 30 µs was reported recently [13]. An optical dipole
trap may have the potential to extend the storage time
to 1 second. According to a recent proposal, quantum
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memory with nuclear atomic spins might have very long
storage time of about hours [41]. Our scheme also relies
on the ability to reliably transfer of photon’s polarization
states over a free-space or optical fiber channel. Two re-
cent experiments demonstrated this ability up to 100 km
in free space [42] and in fiber [43]. Our scheme faith-
fully implements a robust quantum repeater and thus
enables a realistic avenue for relevant long-distance quan-
tum communication.
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APPENDIX: EVALUATION OF THE
COEFFICIENTS
1. Entanglement swapping
In practice, the retrieve efficiency ηr is limited by the
optical depth of the atomic ensemble and single photon
detectors can’t resolve photon number. Thus the three-
photon and four-photon coincidences are also registered
when performing BSM-II, which will result in an effec-
tively entangled state ρ = p2ρ2 + p1ρ1 + p0ρ0. The un-
normalized coefficients are calculated to be
p
(u)
2 =
η2rη
2
1
32
, (A.1)
p
(u)
1 =
η2r (1− ηr)η21
16
+
η3r
32
(
η1η2
2
+ η21), (A.2)
p
(u)
0 =
η3r
32
(1− ηr)(1
2
η1η2 + η
2
1)+
η2r(1− ηr)2η21
32
+
η4r
64
(
1
4
η22 + η
2
1), (A.3)
where η1 and η2 are the detector efficiency for single pho-
ton state and two photon state. The success probability
of entanglement swapping is p = p
(u)
2 + p
(u)
1 + p
(u)
0 .
2. Entanglement connection
Considering high-order excitations in the spontaneous
Raman process, the effectively entangled pair can be de-
scribed by ρ′ = ρ + p′2ρ
′
2 + p
′
3ρ
′
3. Here we introduce
two-excitation density matrix ρ′2, containing the terms
S†2uA , S
†2
dC
, S†uAS
†
dA
, S†uAS
†
uC etc., and three-excitation den-
sity matrix ρ′3, containing the terms S
†2
uAS
†
uC , S
†2
dC
S†uA ,
S†uAS
†
uCS
†
dC
, S†uAS
†
dA
S†uC etc., to denote the contributions
from higher-order excitations. The small efficient p′2 and
p′3 are on the order of O(χ) ≪ 1. When implementing
nesting entanglement connection, the effectively entan-
gled state reads ρ′sj = p2sjρ2sj + p1sjρ1sj + p0sjρ0sj +
p′2sjρ
′
2sj +p
′
3sjρ
′
3sj . The unnormalized coefficients can be
calculated to be
p
(u)
2sj
≈ 1
2
p22sj−1η, (A.4)
p
(u)
1sj
≈ 1
2
η[p1sj−1p2sj−1 +O(p2sj−1p
′
2sj−1)
+O(p1sj−1p
′
2sj−1 ) +O(p0sj−1p
′
3sj−1 )], (A.5)
p
(u)
0sj
≈ 1
8
η[p21sj−1 +O(p0sj−1p
′
2sj−1 )], (A.6)
p
′(u)
2sj
∼ O(p2sj−1p′22sj−1η) +O(p1sj−1p′3sj−1η), (A.7)
p
′(u)
3sj
∼ O(p2sj−1p′3sj−1η), (A.8)
with η = η21η
2
r , where the three-photon coincidence
counts are safely neglected. From the above equations,
we find that
p
′(u)
3sj
p
(u)
2sj
∼ O(p
′
3sj−1
p2sj−1
) ∼ O( χ
p2
), (A.9)
p
′(u)
2sj
p
(u)
2sj
∼ O(p
′
2sj−1
p2sj−1
) +O(
p′3sj−1
p2sj−1
) ∼ O(jχ
p2
), (A.10)
p
(u)
1sj
p
(u)
2sj
≈ p1sj−1
p2sj−1
+O(
p′3sj−1
p2sj−1
) +O(
p′2sj−1
p2sj−1
), (A.11)
p
(u)
0sj
p
(u)
2sj
≈ 1
4
(
p1sj−1
p2sj−1
)2 +O(
p′2sj−1
p2sj−1
), (A.12)
where we have considered the coefficients p2sj−1 , p1sj−1 ,
and p0sj−1 are on the same order of magnitude. Finally,
we conclude that during the nesting entanglement con-
nection process, the coefficients can be estimated to be
p′3sj ∼ O(χ), p′2sj ∼ O(jχ), (A.13)
pαsj ≈ pαsj−1 + O(jχ). (A.14)
The success probability of the j-th entanglement connec-
tion is psj = p
(u)
2sj
+ p
(u)
1sj
+ p
(u)
0sj
.
3. Deterministic entangler
The deterministic single-photon polarization entan-
gler is depicted in Fig. 11. The input state is
|−〉1|V 〉2|+〉1′ |H〉2′ . In the ideal case where single pho-
tons can be created on demand and photon-number
counting detectors are used to identify the Bell states, we
will obtain two maximally entangled photons in |ψ+〉ab
or |φ−〉ab, conditioned on a coincidence count in two of
the four detectors with a success probability 18 [44].
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FIG. 11: Deterministic single-photon polarization entan-
gler. PBS (PBS±; PBSR/L) reflects photons with verti-
cal polarization |V 〉(|−〉; |L〉 and transmits photons with
horizontal-polarization |H〉 (|+〉;|R〉). Here |±〉 = 1√
2
(|H〉 +
|V 〉);|R/L〉 = 1√
2
(|H〉 ± i|V 〉). The four single photons are
prepared on demand in an initial state |−〉1|V 〉2|+〉1′ |H〉2′ .
After passing through the first PBS and PBS±, one selects
the ‘four-mode’ case where there is one and only one photon
in each of the four output modes. Then the BSM will collapse
photons in modes a and b into a Bell state conditioned on the
result of the BSM. In our case, a coincidence count between
single-photon detectors D1 and D4 (D1 and D3) or between
D2 and D3 (D2 and D4) leaving photons along paths a and b
deterministically entangled in |ψ+〉ab(|φ
−〉ab).
However, current single photon sources are proba-
bilistic and the mostly used single photon detectors
cannot distinguish between one and more than one
detected photons. Due to these imperfections, the
output state in a and b is not a pure state but a
mixed entangled state. Assuming the single photon
sources can generate single photons with probability
pr, it is easy to see that when there are 2 photons
({1, 2}, {1, 2′}, {1′, 2}, {1′, 2′}) with probability p2r(1 −
pr)
2, 3 photons ({1, 1′, 2}, {1, 1′, 2′}, {1, 2, 2′}, {1′, 2, 2′})
with probability p3r(1− pr) and 4 photons ({1, 1′, 2′, 2′})
with probability p4r emitted from single photon sources,
there will be a coincidence count between two of the de-
tectors.
Considering all these possibilities, we find that if one
of the four coincidence counts occurs, e.g., D1 and D4 is
registered, the output state in a and b is equivalent to an
effectively maximally entangled state
ρc = p2cρ2c + p1cρ1c + p0cρ0c, (A.15)
with the unnormalized coefficients
p
(u)
2c =
p4rη
2
1
32
, (A.16)
p
(u)
1c =
p3r(1− pr)η21
8
+
p4rη
2
1
32
+
p4rη1η2
64
, (A.17)
p
(u)
0c =
1
32
[p3r(1− pr)(2η21 + η1η2)
+ p4rη1η2 + 4p
2
r(1− p2r)η21 ]. (A.18)
Here ρ2c is one of the maximally entangled Bell states,
ρ1c is the one-photon maximally mixed state and ρ0c is
the vacuum state, which indicates that all the input pho-
tons are detected and there is no photon in the output
a and b. After the event-ready mixed entangled state
is successfully generated, it will be directed and stored
into memory qubits at each communication node as dis-
cussed in the main text. The success probability for the
event-ready entangler is pc = p
(u)
2c + p
(u)
1c + p
(u)
0c .
4. Entanglement purification
Suppose we have generated an effectively mixed en-
tangled state ρm = p2mρ2m + p1mρ1m + p0mρ0m of
fidelity F across nodes I and J . For simplicity,
we assume the mixed state is of the form ρ2m =
F |φ+〉IJ 〈φ+| + (1 − F )|ψ+〉IJ 〈ψ+|, with |φ+〉IJ =
(S†uIS
†
uJ + S
†
dI
S†dJ )/
√
2|vac〉 and |ψ+〉ij = (S†uIS†dJ +
S†dIS
†
uJ )/
√
2|vac〉. Two pairs of entangled memory qubits
are generated in parallel. Linear optical entanglement
purification will project the photons in mode a1 and
a2 into a mixed entangled state of higher fidelity F
′ =
F 2
F 2+(1−F )2 , which can be described as
ρp = p2pρ2p + p1pρ1p + p0pρ0p, (A.19)
with ρ2p = F
′|φ+〉IJ〈φ+| + (1 − F ′)|ψ+〉IJ〈ψ+|. The
unnormalized coefficients are
p
(u)
2p =
1
2
p22mη
4
rη
2
1 [F
2 + (1 − F )2], (A.20)
p
(u)
1p = p
2
2mη
3
r (1− ηr)η21 +
1
2
p1mp2mη
3
rη
2
1
+ p22mη
4
rF (1− F )η1η2, (A.21)
p
(u)
0p = p
2
2m[
1
4
η4rF
2η22 + η
3
r (1− ηr)F (1− F )η1η2
+ η2r (1− ηr)2(F + 1/2)η21 + η3r(1− ηr)F 2η1η2]
+ p2mp1m[η
2
r (1− ηr)(Fm + 1/2)η21 + η3r
F
2
η1η2]
+
1
8
p21mη
2
rη
2
1 + p2mp0mη
2
rFη
2
1 . (A.22)
The success probability of entanglement purification is
pp = p
(u)
2p + p
(u)
1p + p
(u)
0p .
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